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Minisatellite DNA is repetitive DNA with a repeat unit length from 15 to 100 bp. While stable during mitosis,
it destabilizes during meiosis, altering both in length and in sequence composition. The basis for this instability
is unknown. To investigate the factors controlling minisatellite stability, a minisatellite sequence 3 of the
human HRAS1 gene was introduced into the Saccharomyces cerevisiae genome, replacing the wild-type HIS4
promoter. The minisatellite tract exhibited the same phenotypes in yeast that it exhibited in mammalian
systems. The insertion stimulated transcription of the HIS4 gene; mRNA production was detected at levels
above those seen with the wild-type promoter. The insertion stimulated meiotic recombination and created a
hot spot for initiation of double-strand breaks during meiosis in the regions immediately flanking the repetitive
DNA. The tract length altered at a high frequency during meiosis, and both expansions and contractions in
length were detected. Tract expansion, but not contraction, was controlled by the product of the RAD1 gene.
RAD1 is the first gene identified that controls specifically the expansion of minisatellite tracts. A model for tract
length alteration based on these results is presented.
Repetitive DNA tracts have been divided into categories
based on the size of the individual repeat unit. Microsatellite
sequences have repeats ranging from a single base pair up to 14
bp in length (58). The control of microsatellite DNA sequence
stability is mediated by the postreplicative mitotic mismatch
repair (MMR) system (reviewed in references 16 and 57).
Minisatellite sequences have repeat units ranging from 15 bp
up to approximately 100 bp in length. Unlike microsatellites,
which alter primarily during the mitotic cell cycle, presumably
during DNA replication minisatellites (also called variable
number tandem repeats [VNTRs]) destabilize upon transit
through meiosis, undergoing alterations in both length and
repeat sequence (reviewed in references 28 and 29). Minisat-
ellite tracts are useful for mapping and DNA fingerprinting.
Some minisatellites (MS1 and MS32, for example) show a very
high rate of mutation; these types have been utilized for DNA
fingerprinting. Minisatellite alterations are often polar in na-
ture (6, 31). One common hypothesis is that alterations in
minisatellite sequences are due to a failure during recombina-
tion, rather than replication.
One relatively stable minisatellite that has been character-
ized in detail is the VNTR associated with the HRAS1 gene in
humans. When the DNA sequence of the HRAS1 gene was
determined (13) from human lymphocytes and a human blad-
der carcinoma cell line, an approximately 1.4-kb tract of repet-
itive DNA was detected 3 of the gene. The original clone
included 29 copies of a 28-bp sequence, although it was deter-
mined that the tract had shortened during passage through
Escherichia coli. Since that time, a large number of alleles of
this minisatellite tract have been identified.
In the HRAS1 minisatellite, there are four main types of
28-bp repeats, differing from one another at two positions (7
and 15, containing either a G or C [see Fig. 1a]). Shortly after
the HRAS1 VNTR was described, it was shown that the human
population contains four common variant alleles, designated
a1 through a4 (44). These four common alleles have different
arrangements of the four repeat types within each tract. A
large number of less common alleles of the minisatellite have
been identified, many from tumor DNAs. Rare alleles appear
to derive from one of the common alleles through expansion
and alteration of the internal repeats. Sequencing and mini-
satellite variant repeat PCR have been used to analyze the
structure of many of the common and rare alleles (15, 20).
Rare alleles of the HRAS1 minisatellite may play a role in
the cancer types in which they are found (42, 44). Mutated
versions of the HRAS1 gene promote the morphological trans-
formation of cell lines, and inclusion of the minisatellite region
increases the efficacy of transformation (14, 60). Gel shift anal-
ysis demonstrated that the minisatellite sequence binds a cel-
lular component, the rel/NF-B transcription factor, specifi-
cally the constitutive forms, including p50, p72, and p85 but not
p65 (66). Further experiments showed that different Ha-ras
VNTR alleles had differing enhancer activities, with some of
the rarer alleles having a stronger transcription enhancement
than that of the common forms (24), possibly due to enhanced
binding of the rel/NF-B factors. Case studies sought to link
the presence of rare alleles with increased risk of various types
of cancers, with variable results (see references 9 and 42 to 44).
Alterations in other minisatellite sequences also have been
associated with disease phenotypes. For example, progressive
myoclonus epilepsy is associated with instability in a minisat-
ellite repeat 5 of the human cystatin B gene (45, 67). A
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minisatellite at the IDDM2 locus near the human insulin gene
has been connected with insulin-dependent diabetes mellitus
(34).
A greater understanding of the mechanisms controlling
minisatellite stability and transcription-enhancing activity may
provide insight into the etiology of a number of human dis-
eases. However, analysis of the components underlying the
meiotic instability and transcription-enhancing activity of the
HRAS1 minisatellite is difficult in mammalian systems. To
identify factors involved in these processes, we introduced the
minisatellite tract into the HIS4 locus of Saccharomyces cerevi-
siae.
We chose the HIS4 locus because it has been well charac-
terized with respect to both mitotic transcription and meiotic
recombination. The HIS4 promoter in our strain background
contains the strongest recombination hot spot yet identified in
yeast, and characteristics of the HIS4 hot spot and the mech-
anisms controlling initiation of recombination at HIS4 have
been extensively studied (18, 21, 36, 47, 51, 52, 69–72). The
HIS4 promoter binds four transcription factors: Rap1p, Bas1p,
Bas2p, and Gcn4p (7, 19, 65). Initiation of meiotic recombi-
nation requires the binding of three of these factors to the
HIS4 promoter: Rap1p, Bas1p, and Bas2p (70, 71). Deletion of
any of the gene products or their binding sites at HIS4 elimi-
nates meiotic recombination hot spot activity. However, this
dependency on the transcription factors for meiotic recombi-
nation is not a requirement for transcription; alterations in the
TATAA sequence for HIS4 greatly diminish mRNA produc-
tion but have no effect on meiotic recombination (69). There-
fore, certain transcription factors are capable of stimulating
recombination during meiosis independently of their effect on
transcription.
The intergenic region between HIS4 and the neighboring
gene BIK1 is the site of a meiosis-specific double-strand break
(DSB) (21, 46). The DSBs are blunt ended and occur over a
short region of approximately 100 bp just 5 of the binding sites
for the HIS4 transcription factors (72). The level of DSBs
strongly correlates with the level of hot spot activity as defined
genetically by the frequency of aberrant segregation of het-
erozygous HIS4 mutations (21). Alterations in the wild-type
hot spot sequence that reduce the level of aberrant segregation
also reduce the level of DSBs, while alterations that increase
aberrant segregation also increase DSBs. These results suggest
that DSB formation is the initiating step in meiotic recombi-
nation.
In this study, we inserted the HRAS1 minisatellite tract in
place of the wild-type HIS4 promoter and recombination hot
spot. We found that in yeast the minisatellite exhibits many of
the phenotypes that it displays in mammalian systems. The
insertion stimulates transcription of HIS4, and it acts as a hot
spot for meiotic recombination, stimulating the formation of
Spo11p-dependent meiosis-specific DSBs and leading to a high
level of aberrant segregation of a heterozygous HIS4 alter-
ation. During meiosis, the minisatellite tract increases and
decreases in length at high frequency. Furthermore, we find
that the meiotic expansions in length, but not the contractions,
are under the control of the RAD1 gene. This novel result has
direct implications for the mechanism of tract length expan-
sion.
MATERIALS AND METHODS
Media, plasmids, and yeast strains. Standard media were used (25). Sporu-
lation plates contained 1% potassium acetate, 0.1% yeast extract, 0.05% glucose
or galactose, 6 g of adenine/ml, and 2% agar. Diploids were sporulated at 18°C
and dissected onto rich growth medium plates (yeast extract-peptone-dextrose).
After colonies formed at 30°C, the plates were replica plated to omission me-
dium plates to determine the segregation patterns of all heterozygous markers.
Postmeiotic segregation (PMS) events at HIS4 were detected as sectored His/
His colonies (18).
The plasmid 37Y8 was used to integrate the HRAS1 minisatellite repeat into
the HIS4 locus. To construct the plasmid, PCR was performed on genomic DNA
from the EJ bladder carcinoma cell line using the Hras 5 outer primer and the
Hras 3 outer primer, and the product was ligated into the TA cloning vector
pCR2.1. This plasmid was digested with EcoRI, and the ends were filled in using
Klenow polymerase. The blunt-ended fragment was inserted into XhoI-digested
pPD5 (70) that had also been filled in, creating the plasmid 37Y8. The insert
junctions were verified by sequencing. The pPD5 plasmid contains a Sau3AI
fragment of HIS4 DNA in which 171 bp of the HIS4 promoter have been deleted
and replaced with a XhoI linker (the his4-52 allele [48]). The insertion of the
HRAS1 minisatellite into the upstream region of HIS4 created a novel allele of
HIS4 that we designated his4-A1.
All strains were derived from the haploid strain AS13 (MATa leu2 ura3 ade6
rme1) or AS4 (MATa trp1 arg4 tyr7 ade6 ura3 spt22) (61). All strains are isogenic
except for alterations introduced by transformation. To integrate the HRAS1
minisatellite tract into the HIS4 locus, a two-step integration was performed (56).
The plasmid 37Y8 was digested with MfeI and transformed into PD63 (AS4 but
his4-52 [18]) and PD57 (AS13 but his4-52 [18]), selecting for Ura transfor-
mants. Ura transformants were isolated following growth on 5-fluoroorotic acid
medium (10), and strains containing the minisatellite insert were identified by
PCR, generating DTK288 and DTK294, respectively. The his4-lopc allele, an
insertion of 26 bp into HIS4 that is poorly recognized and repaired during
meiosis, was introduced into DTK294 using pDN13 (47), creating DTK305. An
isogenic strain containing the wild-type promoter (DNY25 [AS13 but his4-lopc])
has been previously described (47).
DTK288 and DTK305 were transformed with BamHI-digested pDG18 to
delete the RAD1 gene, as previously described (37), generating DTK506 and
DTK507, respectively. Similarly, DTK288 and DTK305 were transformed with
BstXI-digested pJH523 (41) to delete the PMS1 gene, generating DTK514 and
DTK516.
For analysis of DSB formation, the rad50S allele was introduced into DTK288
and DTK305 by transformation with BamHI/EcoRI-digested pNKY349 (1), by
previously described protocols (21), creating DTK468 and DTK469. Similar
procedures were used to generate DTK137 and DTK138, rad50S derivatives of
PD63 and PD80 (PD57 but his4-lopc), respectively, containing the his4-52
promoter deletion. DNY107 (rad50S AS4) and HF4 (rad50S DNY25) were
constructed previously (21).
The plasmid pNKY58, containing the spo13:HisG-URA3-HisG construct, was
used to delete the SPO13 gene (1), in DTK288 and DTK305, creating DTK627
and DTK628, respectively. To delete the SPO11 gene, primers 2771119 and
2771120 were used to amplify the KanMX4 construct on the pFA6-KanMX4
plasmid (68). Transformation with the resulting PCR products removed the
complete coding region of the SPO11 gene in DTK627 and DTK628, creating
DTK637 and DTK638, respectively, and in DTK468 and DTK469, creating
DTK629 and DTK630, respectively.
Isogenic diploid strains were generated by mating the following haploids:
DNY26 (AS4  DNY25), PD81 (PD63  PD80), DTK314 (DTK288 
DTK305), DTK508 (DTK506  DTK507), DTK517 (DTK514  DTK516),
DTK472 (DTK468  DTK469), DTK490 (DTK137  DTK138), FX3
(DNY107  HF4), DTK633 (DTK627  DTK628), DTK634 (DTK629 
DTK630), and DTK639 (DTK637  DTK638).
PCR primers. The Ras 5 primer is CCCTGAGGTTGGGGGAGAGC, and
the Ras 3 primer is GGGCTCCTGGCCTCGGGAAG. These primer sequences
correspond to human DNA sequences flanking the repeat units. The Hras 5
outer primer is TGGTCATCCTGGCTTCTGCT, and the Hras 3 outer primer
is GCACCCGGCAGCCCTAGA. Primer 2771119 is 5 CTTCACCCTTAAGA
TTTTACGATTTACTAAGTTCACCTTCTCCGTACGCTGCAGGTCGAC,
and primer 2771120 is 5 CTTGAAAAACATTTTTATAAAGCAACAGCTCC
CATTCTTATATCGATGAATTCGAGCTC.
PCR analysis of tract length. Whole-cell PCR was performed on spore colo-
nies resulting from dissection of diploid strains following meiosis. Spores were
allowed to form colonies on yeast extract-peptone-dextrose plates, and then a
small amount of cells was placed in 6 l of H2O in 200-l microtubes. Tubes were
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heated at 94°C for 6 min and then placed at 80°C for 5 min. Forty-four
microliters of a master mix was added. The mix for 12 samples was 62.5 l of 10
PCR buffer [450 mM Tris, 160 mM (NH4)2SO4], 45 l of 25 mM MgCl2, 3 l
each of 40 mM Ras 3 and 5 primers, 100 l of 1.25 mM deoxynucleoside
triphosphates, 100 l of gel loading buffer, 243 l of H2O, and 22 l of Taq
polymerase. The concentrations of MgCl2 and primers given are only represen-
tative—the actual concentration of MgCl2 and primers was determined for each
strain and for each batch of primers. PCR was performed in a Hybaid PCREx-
press machine using the following parameters: 1 cycle of 94°C for 1 min; 2 cycles
of 94°C for 1 min, 65°C for 45 s, and 72°C for 2 min; 9 cycles of 94°C for 1 min,
65 to 56°C for 45 s (temperature decreases 1°C per cycle), and 72°C for 2 min;
30 cycles of 94°C for 1 min, 56°C for 45 s, and 72°C for 2 min; 1 cycle of 72°C for
5 min; and then holding at 4°C.
Southern analysis of DSBs. To examine DSB formation during meiosis at the
HIS4 locus, cells were sporulated in liquid 1% potassium acetate at 25°C (21).
DNA was isolated using standard protocols (23), treated with BglII, and sepa-
rated on a 0.8% agarose gel. Standard Southern analysis was performed using a
XbaI-XhoI fragment of pDN42 containing the 5 sequence of HIS4 (21).
Northern analysis of message levels. Previously published procedures were
used (38). Briefly, total RNA was isolated (59) from cells grown in liquid culture,
and standard Northern analysis was performed (54). The RNA-bearing nylon
filter was hybridized to a mixture of two probes: the pDN42 HIS4 probe and a
1-kb actin gene probe resulting from a HindIII-XhoI digest of plasmid pGAL-
ACT1.
Statistical analysis. Comparisons were done with Instat 1.12 (GraphPad) for
Macintosh, using either a chi-square or Fisher’s exact variant test. Results are
considered statistically significant if P was 0.05 or less.
RESULTS
We constructed an integrating plasmid to introduce the
HRAS1 minisatellite tract into the yeast genome. The complete
sequence of the A1a allele (13, 15), including some flanking
nonrepetitive DNA and 30 tandem copies of the 28-bp repeat
unit, from an EJ bladder carcinoma cell line, was cloned into
the yeast vector pPD5 (70) (Fig. 1a). pPD5 contains DNA from
the HIS4 locus on chromosome III of S. cerevisiae in which 171
bp of the promoter for HIS4 have been deleted and replaced
with an XhoI linker (the his4-52 allele [48]). The minisatellite
tract was inserted into the plasmid at this XhoI site, replacing
the HIS4 promoter region with the minisatellite tract (Fig. 1b).
This novel allele of HIS4 is designated his4-A1.
The HRAS1 VNTR stimulates transcription in yeast. The
HRAS1 minisatellite acts as an enhancer of transcription in
mammalian cells (66). To determine its effect on transcription
of the HIS4 locus, we examined the ability of strains containing
the minisatellite to grow on medium lacking histidine. A yeast
strain containing the his4-52 allele (the deletion of the HIS4
promoter) cannot grow without exogenous histidine, while
cells with a wild-type promoter region do not require histidine
FIG. 1. The HRAS1 minisatellite sequence and diagram of the HIS4 locus. (a) Sequence of the HRAS1 minisatellite and flanking regions. HIS4
locus sequences are lowercase and in boldface. Lowercase, underlined sequences were inserted during the cloning steps (see Materials and
Methods). Capitalized sequences are unique HRAS1 sequences. The capitalized, boldface, bracketed sequence is one HRAS1 minisatellite repeat
(type 1)—the underlined letters indicate the two sites of variability between repeats at 7 and 15. As indicated, there are 30 repeats in the human
A1a allele utilized for this study. (b) Arrangement of the HIS4 locus in various diploid strains. DNY26 is a diploid strain bearing the wild-type HIS4
promoter sequence and the his4-lopc heterozygous insertion (dark vertical bar) disrupting the HIS4 coding sequence on one chromosome. PD81
is isogenic with DNY26, except that the promoter region has been deleted, as indicated by the open parentheses. DTK314 is also isogenic but
contains the HRAS1 minisatellite sequence (white boxes) inserted in place of the region deleted in PD81. Dark gray rectangles are BIK1 coding
sequences; light gray rectangles are HIS4 coding sequences; ovals are the TATAA box for HIS4.
VOL. 22, 2002 RAD1 CONTROLS MINISATELLITE EXPANSIONS 955
in the medium. Upon integration of the minisatellite tract, the
resulting transformants became His. Diploid strains homozy-
gous for the wild-type promoter sequence (DNY26) or the
minisatellite insertion (DTK314) gave rise to colonies on me-
dium lacking histidine with equal efficiency, while a strain with
a homozygous deletion of the promoter (PD81) failed to gen-
erate colonies (Fig. 2a). Northern analysis of the level of HIS4
mRNA in these strains demonstrated that the minisatellite
tract stimulated mRNA production at a higher level than did
the wild-type promoter (Fig. 2b).
The HRAS1 VNTR stimulates meiotic recombination. The
level of recombination at a particular locus in the yeast genome
can be determined using genetic or physical methods. A high
frequency of non-Mendelian segregation of a heterozygous
alteration at the locus of interest indicates that the alteration is
located near a recombination hot spot. The nomenclature uti-
lized for segregation of eight-spored fungi is routinely used to
describe aberrant segregation tetrads. By this nomenclature,
standard Mendelian segregation is 4:4, and gene conversion
events are either 6:2 (3 wild-type spore colonies:1 mutant spore
colony) or 2:6 (1 wild-type spore colony:3 mutant spore colo-
nies). A tetrad with a spore colony that is sectored for the
wild-type and mutant alleles is known as a PMS tetrad and will
be described below as a 5:3 (2 wild-type spore colonies:1 mu-
tant spore colony:1 sectored colony) or 3:5 (1 wild-type spore
colony:2 mutant spore colonies:1 sectored colony) segregation.
The level of aberrant segregation of a heterozygous alter-
ation in HIS4 (his4-lopc) has been analyzed in detail previously
in strains containing a wild-type HIS4 promoter (DNY26) and
the his4-52 promoter deletion (PD81). The his4-lopc allele is
an insertion of 26 bp into HIS4, disrupting the coding se-
quence. We compared the level of aberrant segregation of
his4-lopc in those strains to the level observed in DTK314,
containing the minisatellite tract in place of the HIS4 promoter
(Table 1). As another test for the level of recombination in the
vicinity of the minisatellite insertion, we monitored the level of
intergenic recombination between HIS4 and LEU2. Diploid
strains were sporulated, and the four meiotic spores from a
single diploid cell were isolated. After the spores had formed
colonies, the segregation pattern of the his4-lopc marker was
determined. As shown in Table 1, a strain with a wild-type
promoter has a very high level of aberrant segregation
(51%)—the wild-type promoter acts as a hot spot for meiotic
recombination initiation. The hot spot activity is significantly
reduced when the HIS4 promoter is no longer present (21%).
Introduction of the minisatellite tract (the his4-A1 allele) cre-
ates a meiotic recombination hot spot at HIS4 once again;
aberrant segregation of his4-lopc is restored nearly to wild-type
TABLE 1. Comparison of recombination in strains containing promoter alterations
Strainc HIS4 promoter Relevantmutations
No. of tetrads with various segregation patternsa
% Ab. Seg. cMb
Total tetrads 4:4 6:2 2:6 5:3 3:5 Ab 4:4 Other Ab. Seg.d
DNY26 HIS4/HIS4 Wild type 493 244 29 17 88 67 15 33 51 31
PD81 his4-52/his4-52 Wild type 398 313 14 6 26 32 5 2 21 19
DTK314 his4-A1/his4-A1 Wild type 558 310 29 16 75 85 25 18 44 31
DTK508 his4-A1/his4-A1 rad1/rad1 487 279 28 24 56 66 22 12 43 25
DTK517 his4-A1/his4-A1 pms1/pms1 238 108 13 10 43 33 20 12 55 26
a For all segregation patterns, the first number represents the wild-type allele and the second represents the mutant his4-lopc allele. The segregation patterns include
4:4 (normal Mendelian segregation), 6:2 and 2:6 (gene conversion), 5:3 and 3:5 (tetrads with a single PMS event), and Ab 4:4 (aberrant 4:4; one wild-type, one mutant,
and two sectored colonies). The Other Ab. Seg. class includes aberrant 6:2 and 2:6 tetrads as well as tetrads with three or four PMS or gene conversion events.
b Genetic map distance between LEU2 and HIS4.
c DNY26 data are from reference 21; PD81 data are from reference 18.
d Ab. Seg., aberrant segregation.
FIG. 2. The HRAS1 minisatellite affects HIS4 transcription. (a) Strains containing the minisatellite insertion grow on medium lacking histidine.
DNY26 is wild type for the HIS4 promoter. PD81 has a deletion of the promoter region, while DTK314 contains the minisatellite insertion into
the site of the promoter deletion at HIS4. Strains were grown on solid media with or without histidine. (b) HIS4 mRNA production is stimulated
by the minisatellite insertion. Total RNA was isolated from DNY26, PD81, and DTK314. Northern analysis was performed using probes to HIS4
and ACT1. ACT1 was used as a control to normalize for RNA levels in each lane.
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levels (44%). Similarly, the genetic distance between HIS4 and
LEU2 is greatly reduced in PD81 but is identical in DNY26
and DTK314 (31 centimorgans [cM] [Table 1]).
Recombination hot spots also can be identified through
physical analysis of the meiotic genome. Meiotic recombina-
tion in S. cerevisiae is initiated by a DSB, which can be detected
by Southern analysis (62). At the wild-type HIS4 hot spot,
these breaks occur in a single well-defined region 5 of the
HIS4 gene (21, 46, 72). To determine if the hot spot activity of
the minisatellite tract insertion is associated with DSBs, we
created a rad50S derivative of DTK314. The rad50S mutation
prevents the processing of DSBs during meiosis, enhancing the
ability to detect the lesions (2).
We performed a Southern analysis of the HIS4 region in
rad50S derivatives of DNY26 (wild-type strain), PD81 (pro-
moter deletion strain), and DTK314 (minisatellite insertion
strain), using DNA from cells prior to meiosis induction and
24 h after induction (Fig. 3a). Consistent with previous reports
(21), the HIS4-specific probe detected no DSBs at HIS4 in the
promoter deletion strain and a single meiosis-specific break in
the wild-type strain. The strain containing the minisatellite
insertion had two distinct DSBs. The sizes of the fragments
indicate that the breaks flank the minisatellite insertion but do
not occur within the repetitive DNA (Fig. 3b). These results
indicate that the minisatellite tract insertion stimulates DSB
formation during meiosis, which presumably leads to the high
frequency of aberrant segregation of the his4-lopc allele.
Spo11p is the endonuclease that creates the meiosis-specific
DSBs during meiosis in S. cerevisiae (33). We analyzed the
physical and genetic consequences of deleting SPO11 for DSB
formation and recombination at HIS4 to verify that these pro-
cesses are initiated by Spo11p. SPO11 was deleted in the
rad50S derivative of DTK314, creating DTK634, and the for-
mation of DSBs during meiosis was determined by Southern
analysis as described above. Neither of the meiotic DSBs
present in the minisatellite strain (Fig. 3b) was detected in
DTK634 (data not shown). To determine the effect of the
SPO11 deletion on genetic recombination at HIS4, two strains
were created. DTK633 is a derivative of DTK314 in which the
SPO13 gene has been eliminated, while DTK639 is a derivative
in which both SPO13 and SPO11 have been deleted. Strains
lacking SPO11 arrest during meiosis, but the spo13 mutation
allows a spo11 strain to proceed through meiosis, as mutation
of SPO13 causes a bypass of the first meiotic division, leading
to formation of two diploid meiotic products rather than four
haploid products (39). While each diploid will be heterozygous
for his4-lopc, the diploids will be phenotypically His unless a
recombination event leads to a gene conversion event or PMS
event involving the wild-type HIS4 allele. Following meiosis
and dissection of dyads in DTK633 (spo13), 41% of the diploid
colonies are His or His/ (Table 2). In DTK639 (spo13
spo11), the percentage of colonies with a His or His/ phe-
notype is 4%. Other heterozygous loci in these strains (LEU2,
TABLE 2. His segregation in spo13 and spo11 spo13 backgrounds
Strain Relevantmutations HIS4 allele
Total
dyads
No. of dyads with
His segregationa % Ab.
Seg.b
4:0 3:1 2:2 1:3 0:4
DTK633 spo13/spo13 his4-lopc/HIS4 214 127 23 61 2 1 41
DTK639 spo11/spo11
spo13/spo13
his4-lopc/HIS4 216 207 0 9 0 0 4
a SPO13 mutations eliminate meiosis I divisions, leading to two diploid prod-
ucts rather than four haploid products. Each diploid should be heterozygous at
HIS4 unless a recombination event occurs during meiosis. 4:0 segregation, both
colonies are His; 3:1, one His, one His/; 2:2, one His, one His; 1:3, one
His, one His/; 0:4, both His.
b Ab. Seg., aberrant segregation.
FIG. 3. DSB formation during meiosis at HIS4. (a) The minisatel-
lite insertion stimulates DSB formation during meiosis. DNA from
rad50S derivatives of DNY26 (wild-type promoter [FX3]), DTK314
(minisatellite insertion [DTK472]), and PD81 (promoter deletion
[DTK490]) was isolated from strains prior to meiosis and 24 h after
meiotic induction. Southern analysis was performed using a HIS4-
specific probe. Asterisks mark the bands resulting from meiosis-spe-
cific DSBs. (b) Processing events following DSB formation during
meiosis. A diagram of the HIS4 locus in DTK314 is shown. The aster-
isks mark the approximate locations of the meiosis-specific DSBs. The
arrows (labeled A, B, C, and D) underneath the diagram represent the
direction of processing events subsequent to DSB formation.
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ARG4, TRP1, and TYR7) exhibit a similar reduction. These
data indicate that Spo11p is responsible for the generation of
meiotic DSBs and genetic recombination at HIS4 in strains
containing the minisatellite tract.
Minisatellite tracts alter in length during meiosis. In mam-
malian systems in which minisatellite stability has been studied,
the minisatellite tracts often alter in length following passage
through meiosis. We evaluated the stability of the his4-A1
minisatellite allele during meiosis using PCR to determine the
length of the tract. Whole-cell PCR was performed (see Ma-
terials and Methods) on spore colonies following meiosis. In
DTK314, the minisatellite tract frequently altered in length
during meiosis (Table 3); 45% of the tetrads examined (96 of
213) had at least one spore colony with an altered minisatellite
tract. This frequency of alteration is equivalent to the level of
aberrant segregation of the his4-lopc allele in this same strain.
Five classes of tetrads were observed: tetrads that had in-
creases or decreases in the minisatellite length in a single
spore, tetrads with two spore alterations, tetrads with three
altered spores, and tetrads with four altered spores (Table 3).
Representative PCRs from these classes are shown in Fig. 4.
Sixty-three percent (60 of 96) of the altered tetrads had one
spore colony that exhibited an alteration. One-third of these
were increases, while two-thirds were decreases. In the class
with two spores that exhibited altered length, 10 tetrads exhib-
ited alteration patterns suggestive of a mitotic rearrangement
prior to meiosis—both altered minisatellite tracts were identi-
cal in length, while three tetrads had a pattern characteristic of
an unequal crossover event, i.e., one spore had an increase in
tract length while another had a concomitant decrease (Fig. 4).
Finally, a number of tetrads exhibited complex rearrange-
ments, with three or four spores having tracts with altered
lengths. In Fig. 4, one multiple tetrad had two tracts of the
same decreased length (resembling a mitotic rearrangement)




No. (%) of tetrads with change:









DTK314 Wild type 213 117 (55) 41 (19) 19 (9) 22 (10) 13 (6) 1 (0.5)
DTK508 rad1/rad1 275 142 (52) 67 (24) 9 (3) 44 (16) 11 (4) 2 (0.7)
DTK517 pms1/pms1 109 46 (42) 26 (24) 9 (8) 22 (20) 6 (5) 0
FIG. 4. Tract length of the minisatellite alters during meiosis at high frequency. Representative whole-cell PCRs across the minisatellite tract
in spore colonies (a, b, c, and d) derived from individual diploid cells are shown. The horizontal black bars mark the band size of the unaltered
minisatellite tract. Asterisks indicate the spore colonies exhibiting altered-length alleles. The size standards are 100-bp ladders; as indicated, the
brighter lower band is the 600-bp band.
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and a third with a smaller contraction in length. Another tetrad
had two spores exhibiting increases, of differing lengths, and
one with a decrease—this tetrad could have arisen from an
unequal crossover event and an independent length expansion.
A few colonies had both a wild-type and an altered-tract-length
PCR product (data not shown), appearing to have undergone
a PMS event indicative of heteroduplex formation during mei-
osis.
In the 60 tetrads with a single altered-length spore colony, 6
tetrads had the same colony exhibit both an altered minisatel-
lite tract and a PMS event for his4-lopc, while 14 tetrads had
different spore colonies demonstrate his4-lopc PMS and a tract
length alteration. Seven tetrads underwent gene conversion of
his4-lopc, making it impossible to determine if the same spore
colony was involved. The remaining 33 tetrads did not exhibit
aberrant segregation of his4-lopc.
The number of crossovers between HIS4 and LEU2 in tet-
rads containing a single length alteration event was determined
and compared to the overall level of intergenic recombination.
Of the 60 tetrads exhibiting an alteration in tract length in one
spore (Table 3), 31 had a parental configuration, 2 had a
nonparental configuration, and 19 were tetratype, giving a dis-
tance of 29.8 cM between HIS4 and LEU2. The HIS4-LEU2
distance for all DTK314 tetrads was 31 cM (243 parental di-
type, 14 nonparental ditype, and 198 tetratype). We conclude
that events which alter the tract length do not occur by a
mechanism that results in preferentially crossover or noncross-
over configurations (3). This result is similar to results from a
study of minisatellite tract alterations during mitotic recombi-
nation (50).
Identification of RAD1 as a gene controlling tract length
alteration. One model (see Discussion and Fig. 5) for the
generation of altered-length alleles of the minisatellite tract
during meiosis involves a modification of the DSB model for
meiotic recombination initiation (64). Briefly, during strand
invasion following DSB formation, misalignment of the donor
and recipient strands can allow the formation of loops consist-
ing of an integral number of repeat units. Repair of these
mismatches potentially can lead to increases or decreases in
tract length. A meiosis-specific pathway involved in large loop
repair (LLR) has been described previously (37). One compo-
nent of this repair pathway is the protein encoded by the RAD1
gene. A second repair pathway specific for the repair of base-
base and other small mismatches involves the PMS1 gene prod-
uct. To determine the impact of these repair pathways on
recombination and minisatellite length alteration, we investi-
gated meiotic recombination and tract length alterations in
strain backgrounds lacking either the RAD1 or the PMS1 gene.
The deletion of RAD1 did not affect the level of recombi-
nation observed at the his4-lopc allele. However, there was a
decrease in the level of intergenic recombination between
HIS4 and LEU2 (Table 1); this decrease was statistically sig-
nificant (P  0.05). A decrease in intergenic recombination
upon deletion of RAD1 was not seen previously in this strain
background (32, 37). The RAD1 deletion had a strong effect on
the types of alterations detected in the minisatellite tract. Tet-
rads in which the minisatellite tract had undergone an expan-
sion were significantly reduced (Table 3). Nine single-spore-
increase tetrads were detected; the decrease in this class of
altered tetrads represented a significant (P  0.01) change
relative to the distribution of classes in the wild-type strain.
Based on these results, we conclude that the LLR pathway has
a direct role in the meiotic expansion of the minisatellite tract.
A model for this activity is presented in the Discussion.
Unlike RAD1, deletion of the PMS1 gene increased the level
of aberrant segregation of the his4-lopc allele (P  0.01) but
had no significant effect on the level of intergenic recombina-
tion between HIS4 and LEU2 (Table 1). The PMS1 deletion
also did not have any significant effect on the types of size
alterations detected in the minisatellite tract (Table 3). From
these data, we conclude that the meiotic alteration in tract
length of the minisatellite does not involve the PMS1-depen-
dent mismatch repair pathway. However, the number of tet-
rads exhibiting two altered spores was significantly increased in
the pms1 background (P  0.025).
Minisatellite tracts are significantly more stable during mi-
totic growth. To determine the frequency of minisatellite tract
alteration during normal mitotic growth, DTK314 (wild type),
DTK508 (rad1), and DTK517 (pms1) were grown in liquid
culture. Serial dilutions of each culture were plated on solid
medium, and colonies were allowed to form for 3 days at 30°C.
These growth conditions are approximately equivalent to the
sporulation and dissection protocol, but without the exposure
to meiosis-inducing conditions. Whole-cell PCR was per-
formed on approximately 100 colonies from each strain. The
PCR analysis of the minisatellite tract revealed that the tract
was stable during mitotic growth. DTK314 had only one colony
that exhibited a tract length alteration (1 of 101), DTK508 had
three alterations (3 of 102), and DTK517 had none (0 of 101).
All of the alterations were deletions (data not shown). From
these data, we conclude that the repetitive DNA in the mini-
satellite tract is much more stable during mitosis than during
meiosis, even in repair-deficient strain backgrounds.
DISCUSSION
Activities of the HRAS1 minisatellite in yeast. The HRAS1
minisatellite tract exhibits three distinct phenotypes in mam-
malian systems: it enhances transcription of the HRAS1 gene,
it destabilizes during meiosis but not during mitosis, and it
alters in length and sequence composition. To determine the
genetic components capable of modulating these phenotypes,
we inserted the minisatellite tract into the S. cerevisiae genome
at the HIS4 locus on chromosome III in place of a well-char-
acterized deletion of the HIS4 promoter sequence (Fig. 1b).
We found that the minisatellite tract in yeast recapitulates the
phenotypes observed in mammalian systems.
The minisatellite tract stimulated mRNA production at
HIS4 through an unknown mechanism. It is possible that the
tract is binding a yeast transcription factor; the minisatellite
tract in mammalian cells binds a subset of the rel/NF-B tran-
scription factors (66). Alternatively, the repetitive nature of the
minisatellite tract could be stimulating transcription indepen-
dent of a transcription factor. Poly(A) and poly(G) tracts in
yeast can act as promoter elements, for example (27), possibly
by creating an open chromatin configuration that favors tran-
scription initiation.
Insertion of the HRAS1 minisatellite creates a meiotic re-
combination hot spot by a number of criteria: meiosis-specific
DSB formation was stimulated at HIS4 (Fig. 3a), aberrant
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segregation of a nearby heterozygous marker (his4-lopc) in-
creased (Table 1), and intergenic recombination between HIS4
and LEU2 was elevated (Table 1).
In S. cerevisiae, meiotic recombination initiates when Spo11p
generates a DSB (33). At the HIS4 locus containing the
HRAS1 minisatellite insertion, we detected DSBs on each side
of the insertion (Fig. 3). This result contrasts with the DSB
generated at HIS4 alleles with a wild-type promoter region,
where only one break is detected (21). Based on the sizes of the
meiotic DSB fragments, the DSBs occur in localized regions
adjacent to the repeats rather than in the repetitive portion of
the minisatellite insertion. The relative intensities of the two
bands indicate that the regions on each side of the minisatellite
are equivalent with respect to the frequency of DSB formation.
Following DSB formation, meiotic breaks are processed to
generate a long single-stranded 3 tail (63). If the minisatellite
insertion initiates DSB formation in the same manner as with
the wild-type promoter, the breaks flanking the minisatellite
tract should be processed equally toward BIK1 (A and C in Fig.
3b) or HIS4 (B and D in Fig. 3b). Of those events in which the
single-stranded tail encompasses the minisatellite repeats (B
and C), only half (B) can include the his4-lopc marker. We
examined those tetrads in which the minisatellite tract had
altered in length in one spore, presumably indicating a single
recombination initiation event. Of the 60 single events in
DTK314 (Table 3), 45% (27 of 60) had an aberrant segregation
of the his4-lopc allele (data not shown). This value is the
expected value if the DSB and subsequent processing occur as
diagrammed in Fig. 3b and recombination events initiate from
either DSB with equal frequency.
While the minisatellite insertion stimulated aberrant segre-
gation of his4-lopc during meiosis, the level of aberrant segre-
gation was not quite as high as that seen with the wild-type
promoter region. This result could be due to the two DSBs
flanking the minisatellite. While the proximal DSB is approx-
imately the same distance from the his4-lopc marker as the
wild-type promoter DSB, the distal DSB is over a kilobase
away (Fig. 3b). This difference means that recombination
events initiated from the distal DSB must undergo a much
longer processing event to include the his4-lopc marker in
heteroduplex DNA. In support of this interpretation, the level
of intergenic recombination is identical in the wild-type and
minisatellite hot spot strains (Table 1). As intergenic recom-
bination does not require the marker alleles to be included in
the heteroduplex, it should be much less sensitive to distance
variations. Also, PCR across the minisatellite tract in spore
colonies (Table 3) from DTK314 revealed that the minisatel-
lite tract was altered in length in 45% of the 213 tetrads
examined. This level of alteration is identical to the level of
aberrant segregation of his4-lopc and suggests that the fre-
quency of alteration and aberrant segregation are related. Fi-
nally, on a per-spore (or gamete) level, this represents an
alteration rate of 17.3% (147 events among 852 examined)—
human minisatellite tracts have been altered in 1 to 10% of
gametes examined (30).
A model for tract length alteration during meiosis. Two
models for meiotic recombination are the DSB repair (DSBR)
model (64) and the synthesis-dependent strand annealing
(SDSA) model (reviewed in reference 49). Both models initi-
ate recombination via a DSB, followed by resection to generate
a 3 single-stranded tail, which then invades the homolog,
creating a region of heteroduplex DNA (Fig. 5). In the DSBR
model, the second end invades and double Holliday junctions
are created, as are regions of heteroduplex DNA on both
homologs. Resolution of these junctions leads to crossover and
noncrossover molecules. In the SDSA model, only one strand
invades, to one side of the initiating DSB. Following synthesis,
this strand is displaced to anneal with the other DSB end and
no crossover product is formed. In a strain with a wild-type hot
spot, the initial strand invasion occurs in unique DNA se-
quences. In contrast, a DSB adjacent to the minisatellite tract,
followed by degradation of one strand into the repetitive se-
quence, will set up a situation in which the single-stranded
invasion occurs in a region of repetitive DNA. The repetitive
invading strand can misalign, causing a loop to form (Fig. 5).
This loop will be composed of an integral number of repeat
units in length (28 bases in the case of the HRAS1 minisatel-
lite). Figure 5 shows a one-repeat loop formed on the invading
strand as the result of a misalignment during invasion. As there
are four different types of 28-bp repeats, varying at either
position 7 or position 15, a series of base-base mismatches will
occur in the misaligned tract adjacent to the loop.
S. cerevisiae possesses at least three distinct meiotic mis-
match repair pathways (reviewed in reference 35). One path-
way acts on base-base mismatches and is akin to the well-
characterized postreplicative MMR pathway, consisting of the
MSH2, MSH3, MSH6, PMS1, and MLH1 gene products. An-
other pathway is involved in LLR during meiosis (32, 37) and
involves the RAD1, RAD10, MSH2, and MSH3 gene products.
Components of the third pathway have not been identified, but
genetic data indicate that it functions in LLR, as some repair
of large loops is detected in a rad1 strain (37). The loop
extruded during heteroduplex DNA formation could be a sub-
strate for the LLR pathway, while the subsequent base-base
mismatches could be substrates for the MMR pathway. This
model predicts that elimination of the LLR pathway would
affect the generation of altered-length alleles, while elimina-
tion of the MMR pathway would not affect length alteration.
To test this prediction, we deleted the RAD1 or PMS1 genes
and assayed the effect of the loss on minisatellite tract length
during meiosis. Rad1p has no role in MMR but a major role in
LLR, while Pms1p has a major role in MMR but no role in
LLR. Msh2p and Msh3p were not analyzed, as they play roles
in both MMR and LLR (32, 37).
We found that deletion of RAD1 specifically affected the
class of tetrads exhibiting an increase in the length of the
minisatellite tract during meiosis (Table 3). Genetic evidence
from previous studies (32, 37) indicates that during meiotic
LLR Rad1p acts to cleave the strand opposite the extruded
loop, rather than cleaving off the loop itself. If, following the
cleavage of the opposing strand, the loop is used as a template
for repair synthesis, the cleaved strand will increase in length
by the same number of repeat units as the loop originally
contained. Removal of the Rad1p function would lead to loss
of these events, consistent with the data reported here. The
mechanism leading to contraction in the tract length is un-
known. It is possible that the second, uncharacterized LLR
pathway described above may function in this type of alter-
ation. The components of meiotic LLR (Rad1/10p, Msh2p,
and Msh3p) also function during mitotic recombination to
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remove regions of nonhomology (reviewed in reference 49).
However, while the same complex of proteins is involved, the
meiotic and mitotic actions differ, as sequence is lost during the
mitotic action and gained during meiosis. The basis of this
difference is not known.
The initial steps in both DSBR and SDSA are identical,
leading to formation of a region of heteroduplex DNA (Fig.
5c). In the DSBR model, this region remains and a second is
formed following the invasion of the other DNA strand (Fig.
5d). Both heteroduplexes may contain mismatches; in Fig. 5, a
DSB between the minisatellite tract and his4-lopc will lead to
both being incorporated into the heteroduplex if the break is
processed in both directions as indicated. Depending on which
strand in the heteroduplex is repaired and the direction of
Holliday junction resolution, the mismatches may remain on
the same chromosome or segregate to different chromosomes.
If the break occurs to the HIS4-distal side of the tract (as
indicated by the asterisk in Fig. 5a), a single heteroduplex tract
can form that contains both the minisatellite tract and his4-
lopc. However, in the SDSA model, the initial heteroduplex
region is removed, and a second heteroduplex forms on the
chromosome that initiated the recombination event (Fig. 5e).
Unless a mismatch that occurs in the initial strand invasion
step (Fig. 5c) is repaired prior to the strand displacement step,
the minisatellite and his4-lopc alterations will occur on the
same chromosome. In DTK314 tetrads containing a single
spore exhibiting alteration in tract length and an aberrant
segregation of his4-lopc, only 30% (6 of 20) of the events were
detected in the same spore. These data are more consistent
with the DSBR model, although more complicated variations
of the SDSA model, in which multiple rounds of strand inva-
sion can occur (17, 49), are also possible.
We saw a statistically significant increase in the pms1 strain
for the class of tetrads with two altered spores (Table 3). This
increase is surprising, considering that the pms1 deletion had
no significant effect on the frequency of single-spore alter-
ations. Pms1p is known to have a role in limiting recombina-
tion between diverged sequences (homologous recombination
[11]). Perhaps this function of Pms1p normally acts to limit the
number of chromosomes involved in heteroduplex formation
during a single meiosis. However, the frequency of two spore
alterations (10%) in DTK314 (Table 3) is not significantly
different from the expected value calculated from the single-
spore alteration frequencies (28%  28%  7.8%).
Mitotic rearrangement of the minisatellite tract. Analysis of
the stability of the HRAS1 minisatellite tract during meiosis
revealed that it was quite unstable. However, a number of
events were detected that corresponded to the expected pat-
tern for a mitotic rearrangement in the tract (Fig. 4 shows an
example). We analyzed the mitotic stability of the tract in the
FIG. 5. A model for tract length alteration during meiosis. Individual single-stranded DNA molecules are depicted, with one homolog in black
and the other in gray. The his4-lopc allele is shown as a dark bar, while the minisatellite tract is shown as a series of diagonal bars. In panel a, a
DSB is shown between the minisatellite tract and his4-lopc. The asterisk marks the relative site of the second DSB observed (Fig. 3). In panel b,
the ends of the break have been resected. Strand invasion, heteroduplex formation, and the beginning of repair synthesis are depicted in panel c.
The enlarged portion shows the potential misalignment of minisatellite repeats following strand invasion. One repeat unit has formed a loop on
the invading strand; other configurations are possible. The DSBR model (64) predicts invasion of the second end followed by repair synthesis and
Holliday junction resolution (d). The SDSA model (reviewed in reference 49) predicts a strand displacement event followed by repair synthesis (e).
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wild-type, rad1, and pms1 backgrounds. The tract is much more
stable during mitotic growth than during passage through mei-
osis; only 1.3% of the diploid colonies examined had a rear-
rangement during mitosis. This level of mitotic alteration is still
very high relative to other mitotic events such as mutation or
recombination and appears to be diploid specific. Tract length
alteration at this frequency during vegetative growth should be
detectable in the PCRs on spore colony tetrads (Fig. 4), lead-
ing to multiple bands in the reaction, with the relative inten-
sities of the bands dependent on the time at which the rear-
rangement occurred during colony formation. No such band
pattern has been detected in any of the haploid spore colonies
that were analyzed (more than 1,300 colonies were examined).
It is possible that generation of the mitotic alterations could
require either homologous chromosome pairs or a diploid-
specific protein. We note, however, that during our meiotic
tetrad analysis the level of alterations that we detected that
appear to be mitotic events originating in the diploid cell prior
to meiosis (10 of 213 in DTK314 [4.7%] [data not shown]) is
higher than the rate that we determined for mitotic rearrange-
ments. It is possible that some of these events are due to
another pathway that is meiosis specific.
Comparison to activities of other minisatellite tracts in
yeast. Three other research groups have investigated the sta-
bility of minisatellite sequences in the yeast genome during
meiosis, each using a different minisatellite sequence. First, the
human minisatellite MS32 was integrated near the LEU2 re-
combination hot spot (12) and examined by random spore
analysis (1,700 spore colonies [5]) or tetrad analysis (approxi-
mately 100 tetrads [4]). MS32 had a high meiotic, but not
mitotic, mutation frequency. A mechanism proposed to explain
these recombination events could explain the subset of events
(described above) detected in our study with the HRAS1 mini-
satellite that appear to be mitotic gene conversion events but
may be meiosis specific. Second, the human CEB1 locus was
integrated into the ARG4 locus of yeast and analyzed geneti-
cally (17). CEB1 insertions also showed a high degree of mei-
otic destabilization, with alterations that were indicative of
heteroduplex formation followed by gene conversion. Further-
more, meiosis-specific DSBs were detected and shown to be
required for the destabilization of the CEB1 tracts. Third, a
naturally occurring yeast minisatellite sequence normally asso-
ciated with subtelomeric regions was introduced into the LEU2
locus. Tetrad analysis demonstrated that the minisatellite tract
underwent gene conversions at high frequency (8); either the
DSBR model (64) or a type of SDSA (26) was implicated in
these events.
At one level, these data are all consistent with our results.
Minisatellite tracts introduced into the yeast genome rearrange
at a high frequency, and the mechanism for this rearrangement
is recombinational. However, a closer comparison reveals in-
triguing differences. For example, the stability of the CEB1
minisatellite was affected by deletion of PMS1 (17), but no
effect of PMS1 deletion was seen in our study or the study of
the subtelomeric minisatellite (8). Also, the types of rearrange-
ments and their frequency differed among the studies. The
most likely explanation for many of these differences lies in the
primary sequence of the minisatellites themselves, as each
group utilized tracts with different primary sequences and
lengths of repeats. Furthermore, the different studies utilized
minisatellite alleles of two different lengths in the same diploid.
By the model given above, invoking misalignment during het-
eroduplex formation as a mechanism for length alteration, in
these diploids every recombination event would give rise to an
extruded loop. Therefore, every recombination event would
require a loop repair event, a situation that may not reflect the
actual conditions during meiosis. Clearly, minisatellite stability
during meiosis is a complex phenomenon affected by many
factors.
Implications for mammalian systems. Our finding that the
expansion of the HRAS1 minisatellite tract during meiosis in S.
cerevisiae requires RAD1 suggests the possibility that the hu-
man homolog of RAD1 might have a similar effect on minisat-
ellite stability during gametogenesis. The role of XPF/ERCC4,
the human homolog of the RAD1 gene, in LLR during meiosis
has not been explored. Because of the potential correlation of
increased tract length and oncogenesis (see references 9 and
42 to 44), limiting the meiotic expansion of the HRAS1 mini-
satellite is desirable. In addition to its role in LLR, the yeast
RAD1 gene is essential for nucleotide excision repair, and
XPF/ERCC4 also functions in this type of repair. Unfortu-
nately, the loss of XPF/ERCC4 function leads to a type of skin
cancer known as xeroderma pigmentosum (reviewed in refer-
ences 22, 40, 53, and 55). If XPF/ERCC4 does contribute to
minisatellite tract expansion in humans, a method of inactivat-
ing the protein selectively in the germ line would need to be
developed for the results of this study to have a clinical appli-
cation.
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